Background-Excess adiposity is associated with greater systemic inflammation. Whether visceral adiposity is more proinflammatory than subcutaneous abdominal adiposity is unclear. Methods and Results-We examined the relations of abdominal subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT), assessed by multidetector computerized tomography, to circulating inflammatory and oxidative stress biomarkers in 1250 Framingham Heart Study participants (52% women; age 60Ϯ9 years). Biomarkers were examined in relation to increments of SAT and VAT after adjustment for age, sex, smoking, physical activity, menopause, hormone replacement therapy, alcohol, and aspirin use; additional models included body mass index and waist circumference. SAT and VAT were positively and similarly (with respect to strength of association) related to C-reactive protein, fibrinogen, intercellular adhesion molecule-1, interleukin-6, P-selectin, and tumor necrosis factor receptor-2 (multivariable model R 2 0.06 to 0.28 [SAT] and 0.07 to 0.29 [VAT]). However, compared with SAT, VAT was more highly associated with urinary isoprostanes and monocyte chemoattractant protein-1 (SAT versus VAT comparison: isoprostanes, R 2 0.07 versus 0.10, Pϭ0.002; monocyte chemoattractant protein-1, R 2 0.07 versus 0.08, Pϭ0.04). When body mass index and waist circumference were added to the models, VAT remained significantly associated with only C-reactive protein (Pϭ0.0003 for women; Pϭ0.006 for men), interleukin-6 (Pϭ0.01), isoprostanes (Pϭ0.0002), and monocyte chemoattractant protein-1 (Pϭ0.008); SAT only remained associated with fibrinogen (Pϭ0.01). Conclusions-The present cross-sectional data support an association between both SAT and VAT with inflammation and oxidative stress. The data suggest that the contribution of visceral fat to inflammation may not be completely accounted for by clinical measures of obesity (body mass index and waist circumference).
computed tomography (CT) method, with a panel of systemic inflammatory markers. On the basis of the prior literature, 5, 8 we hypothesized that the association of VAT with systemic inflammatory markers would be stronger than that for SAT. We also sought to assess whether CT-based measurements of SAT and VAT explained additional interindividual variability in biomarker concentrations above that accounted for by the simple clinical anthropometric measures of obesity, body mass index (BMI), and waist circumference (WC).
Methods
Participants for this study were selected from the Framingham Offspring Multi-Detector CT Study, a substudy of the Framingham Offspring Study designed for assessment of coronary artery and aortic calcium. Details regarding study recruitment, sample exclusions, covariate assessment, CT protocols, biomarker assessment, and statistical methods can be found in the online-only Data Supplement. The study was approved by the Boston University Medical Center and Massachusetts General Hospital institutional review boards. All participants provided written informed consent.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written. Table 1 shows the study participants' clinical, multidetector CT, and biomarker characteristics. The mean age of the 1250 individuals (52% women) was 60Ϯ9 years. Mean SAT was 3023Ϯ1329 cm 3 , and mean VAT was 2126Ϯ1112 cm 3 .
Results

Correlations With SAT and VAT
SAT and VAT were positively and similarly correlated with most circulating inflammatory biomarkers ( Table 2 ). CD40 ligand, lipoprotein-associated phospholipase A2 (Lp-PLA2), osteoprotegerin, and tumor necrosis factor (TNF)-␣ were not correlated with either SAT or VAT. BMI and WC were correlated with the same biomarkers as SAT and VAT and were additionally correlated with TNF-␣.
Multivariable-Adjusted Regressions With SAT and VAT
In multivariable models, CRP, fibrinogen, intercellular adhesion molecule-1 (ICAM-1), IL-6, isoprostanes, monocyte chemoattractant-1 (MCP-1), P-selectin, and TNF receptor-2 remained associated with both SAT and VAT; myeloperoxidase was significantly associated with SAT and had a borderline association with VAT (Table 3) . With the exception of CRP (sex interaction Pϭ0.02 for SAT and PϽ0.0001 for VAT), there was no evidence of significant effect modification by sex on the association of SAT or VAT with other biomarkers. In women, for a 1-SD increase in SAT, estimated CRP was 1.7 mg/L higher on average, whereas for a 1-SD increase in VAT, CRP was 1.8 mg/L higher. In contrast, the association in men was less strong: For a 1-SD increase in SAT and VAT, estimated CRP was 0.6 and 0.7 mg/L higher, respectively. For most markers, the estimated increase in concentrations per 1 SD of SAT was comparable to and not statistically significantly different from that of VAT (Table  3) , with 2 exceptions. For isoprostanes, the magnitude of the estimated association with VAT was almost double that of SAT (Table 3 ; Pϭ0.002 for difference in effect between SAT versus VAT). Although less striking, we also observed differences in the magnitude of the SAT versus VAT association with MCP-1 (Table 3 ; Pϭ0.04 for SAT versus VAT comparison). 
Multivariable-Adjusted Regressions With Both SAT and VAT in Models
If SAT and VAT were included in the same multivariableadjusted model, both SAT and VAT remained significant correlates of CRP, fibrinogen, and IL-6. Only VAT remained significantly associated with isoprostanes, MCP-1, and P-selectin, whereas only SAT remained significantly associated with ICAM-1, myeloperoxidase, and TNF receptor-2 (data not shown).
Addition of SAT and VAT to Multivariable Models That Included BMI and WC
To assess whether CT-based measures of abdominal fat compartments added to the amount of marker variability explained by models that already included BMI and WC, we added SAT and VAT separately to models that included BMI and WC (Table 3 ). In models that also adjusted for BMI and WC, SAT remained associated with fibrinogen only (Pϭ0.01), whereas VAT remained significantly associated with CRP, IL-6, isoprostanes, and MCP-1. In women, after adjustment for BMI and WC, the additional estimated increase in CRP was 0.57 mg/L per 1 SD of VAT, whereas in men, the estimate was only half this magnitude.
Secondary Analyses
We hypothesized that some previously described correlates of inflammatory markers, including systolic and diastolic blood pressure, lipid treatment, total cholesterol/HDL ratio, triglycerides, diabetes mellitus, and cardiovascular disease, might serve as intermediate mechanisms linking SAT, VAT, and inflammation. If these covariates were added to the models, results were not altered materially (data not shown). Similarly, the exclusion of participants with cardiovascular disease (nϭ151), diabetes mellitus (nϭ129), or CRP concentra-tions Ͼ10 mg/L (nϭ94) did not substantively alter the present findings (data not shown). Overall, we found evidence for a statistically significant but small degree of effect modification of age on the association between SAT and fibrinogen and between VAT and CRP. Additionally, we detected an effect modification of smoking on the association between SAT and 3 markers (CRP, IL-6, and isoprostanes). Current smoking essentially eliminated the association between SAT and both IL-6 and isoprostanes. Interactions with obesity were not significant for any marker (Data Supplement, Table I ).
To further investigate the relation between increasing VAT relative to SAT with inflammation and oxidative stress, we compared concentrations of CRP and isoprostanes divided on the basis of sex-specific SAT and VAT tertiles ( Figure) . CRP was associated with increasing SAT and VAT tertiles in both women and men. For isoprostanes, most of the relations with VAT appeared to be driven by those with the highest tertile of SAT.
In a secondary analysis, we also examined the significance of BMI and WC in multivariable-adjusted models with SAT or VAT in relation to the biomarkers (reflecting the models presented in Table 3 ). When we considered PϽ0.01 as indicating significance, for SAT, BMI was significant in the following models: CRP (women and men), fibrinogen, and IL-6, whereas WC was significant for osteoprotegerin and P-selectin (Data Supplement, Table II ). For VAT, BMI was significant for CRP (women only), fibrinogen, and IL-6, whereas WC was not significant in any of the models.
Discussion
Principal Findings
In the present large, community-based sample, CT-based measures of abdominal adiposity were significantly associ- ated with several systemic biomarkers of inflammation and oxidative stress in women and men. Whereas most markers were similarly associated with SAT and VAT, isoprostanes and MCP-1 were more strongly associated with VAT than with SAT. When both SAT and VAT were considered in the same model, CRP, fibrinogen, and IL-6 remained correlated with both adipose tissue depots, whereas other markers were associated only with SAT or VAT. In addition, the association between VAT and CRP, IL-6, isoprostanes, and MCP-1 concentrations remained significant after we accounted for clinical measures of overall and central adiposity, which suggests that VAT may be a critical correlate of inflammation that is not completely accounted for by BMI and WC. We also observed that abdominal adiposity was more strongly associated with CRP in women than in men. Finally, we did not find an association between either SAT or VAT with circulating concentrations of CD40 ligand, Lp-PLA2 activity or mass, osteoprotegerin, or TNF-␣.
In the Context of the Current Literature
The present finding that CRP was positively and similarly correlated with both SAT and VAT agrees with previous findings in small cross-sectional studies. 5,7,9 Lemieux et al 7 reported positive correlations between SAT and VAT with CRP concentrations (rϭ0.28 for SAT and rϭ0.33 for VAT) in 159 healthy middle-aged white men. Similar strong relations were reported in a sample of 112 white postmenopausal women. 22 We observed a significant sex interaction for CRP, because both SAT and VAT were more strongly associated with CRP in women than in men. Whereas 2 recent crosssectional studies suggested stronger associations between clinical measures of adiposity and markers of inflammation in white women than in men, 23, 24 we extended these findings of sex differences to relations of CT-based measurements of abdominal fat distribution and inflammation. Additionally, we found that VAT remained associated with CRP after adjustment for BMI and WC in both men and women. Therefore, whereas both SAT and VAT are correlates of CRP concentrations, the present data suggest that VAT may be a critical correlate that is not completely accounted for by routine clinical measurements. It has been proposed that a mechanistic link between adiposity and CRP may be explained by IL-6 and TNF-␣. 1, 25, 26 Both cytokines are produced in adipose tissue, 27, 28 are upregulated in obese states, 23, 29 and induce hepatic production of CRP. 30, 31 Some cross-sectional studies demonstrate stronger associations of IL-6 and TNF-␣ with abdominal girth 23, 24, 32 or visceral fat area 8 than with BMI, yet correlations between circulating concentrations of IL-6 or TNF-␣ and radiographic measures of fat distribution have not been well studied. We found that SAT and VAT were similarly related to IL-6 and that this relation persisted for VAT alone after adjustment for BMI and WC. TNF-␣, however, was not associated with either SAT or VAT. Although it has been shown that adipose tissue from obese individuals expresses 2.5-fold more TNF-␣ mRNA than is expressed in lean control subjects, 33 tissue RNA expression is not always reflected in circulating concentrations of the protein. 34 Whereas Ϸ30% of circulating IL-6 originates in adipose tissue, systemic release of TNF-␣ is much more variable and is believed to function primarily in a paracrine fashion. 10 However, we did find strong correlations with circulating concentrations of the soluble receptor TNF receptor-2 and both SAT and VAT in the present study, consistent with relations between TNF receptor-2 and obesity. [35] [36] [37] In addition to adipocytes, inflammatory cells such as monocytes and macrophages are components of adipose tissue and accumulate in obese states. 38 Macrophages secrete MCP-1, and in human adipose tissue, MCP-1 mRNA concentrations are correlated with measures of adiposity, with higher expression in VAT than in SAT. 39, 40 Furthermore, circulating concentrations of MCP-1 are elevated in obesity and fall with exercise and loss of visceral fat. 41 Adding to the current literature, we found that MCP-1 was more strongly associated with VAT than with SAT and that VAT may contribute to MCP-1 variability beyond the contributions of BMI and WC. Oxidative stress, as reflected by isoprostanes (a metabolite of lipid peroxidation that serves as a time-integrated marker of oxidative stress) 42 and myeloperoxidase (an oxidative enzyme produced by macrophages), has been positively associated with obesity in a few studies that assessed central obesity via waist-hip ratio or estimated visceral fat with bioelectric impedance. [43] [44] [45] [46] In the present study, myeloperoxidase was correlated with both SAT and VAT. A prior small study has shown a decrease in both myeloperoxidase and isoprostanes with a diet and exercise intervention in obese men, 46 but we believe the present finding of myeloperoxidase in relation to SAT and VAT is novel. Furthermore, the results of the present study are among the first to show a direct correlation of urinary isoprostane concentrations and SAT or VAT, with stronger correlations observed for VAT than for SAT. We also show that isoprostanes remained associated with VAT after adjustment for BMI and WC. The present data support the hypothesis that visceral adiposity is a unique correlate of oxidative stress.
Although a few small studies have reported high concentrations of soluble ICAM-1 [47] [48] [49] and P-selectin 50 in the plasma of obese individuals, the relation of these adhesion molecules to fat distribution has not been well studied. ICAM-1 has been demonstrated to be associated with BMI and waist-hip ratio. 49 We found that SAT and VAT were similarly associated with circulating concentrations of ICAM-1 and with P-selectin. Neither of these relations remained significant after adjustment for BMI and WC. Therefore, it does not appear that the relation between either ICAM-1 or P-selectin and visceral adiposity is independent of clinically assessed anthropometry.
In the present study, we did not find an association between either SAT or VAT and circulating concentrations of CD40 ligand, Lp-PLA2 activity or mass, osteoprotegerin, or TNF-␣. Although we used a precise measure of abdominal fat masses, our measures of inflammatory markers are limited to those present in the peripheral circulation. It is possible that some markers may be metabolized by the liver and may show a different association if they are measured in the portal circulation. 26 Fontana et al 26 recently demonstrated that IL-6 concentrations are 50% higher in portal vein samples than in those from the radial artery in obese women. However, it is notable that we found clear associations between SAT and VAT and circulating concentrations of many markers but no association between others. The present investigation of SAT was limited to SAT in the abdominal area, and thus, we cannot comment on associations between inflammatory markers and SAT in other regions.
Strengths and Limitations
Strengths of the present study include the large communitybased sample, with participants not selected for adiposityrelated traits. Routine assessment of clinical characteristics was performed, which allowed for adjustment for various potential confounders. We investigated a broad panel of circulating markers of systemic inflammation that represent various steps along the inflammatory pathway. We formally compared the strengths of association of SAT versus VAT with the individual biomarkers, and our models accounted for the explanatory contribution of BMI and WC.
Limitations include the use of cross-sectional data, which thereby precludes an inference of a causal relation between SAT, VAT, and systemic inflammation. The results of the present study may not be generalizable to other ethnic or age groups given that our sample was primarily white and middle-aged to elderly. Additionally, risk factors and anthropometric data were not obtained contemporaneously with the CT data; this could potentially have caused us to underestimate the magnitude of the association between the markers and the adipose tissue compartments; however, this should not affect the relative association between SAT versus VAT and the marker concentrations, which was the primary focus of the present study. Furthermore, we measured systemic and not portal concentrations of biomarkers; therefore, biomarkers that may have been upregulated locally or substantially metabolized by the liver may not have been detected accurately in the present study. We note that we did not examine site-specific (lumbar level) associations between VAT and biomarkers and that the magnitude of these associations may differ between partial volumes at specific sites and total abdominal VAT volume. 51 Finally, we acknowledge that the present study may have both false-negative and false-positive findings and will need to be replicated in additional samples. Although larger than prior reports, we had a modest sample size, which limited our ability to detect small associations. Conversely, to examine markers at several stages in the inflammatory/oxidative cascade, we examined multiple systemic biomarkers and acknowledge that some of the findings may represent false-positives secondary to multiple testing.
Implications
The present findings underscore the positive association of both SAT and VAT with circulating markers of inflammation. Prior literature has emphasized the important relations of visceral adiposity with inflammation and related cardiometabolic risk, whereas we show that both SAT and VAT appear to be associated with chronic inflammation. Therefore, SAT may have multiple metabolic and endocrinologic properties that have previously been ascribed only to VAT; this warrants investigation in further studies. To lend a clinical perspective to the present findings, we use a conversion factor of 0.9255 52 to convert adipose tissue volume to mass. In women, SAT mass of 1.3 kg and VAT mass of 0.8 kg represents 1 SD; this small increase in adipose tissue mass corresponds to an increase in CRP concentration of 1.7 mg/L for each SD of SAT and 1.8 mg/L for VAT. In men, 1.0 kg of SAT and VAT corresponds to 1 SD, and the corresponding CRP concentrations are 0.6 mg/L higher for each 1-kg increase of SAT and 0.7 mg/L for each additional kilogram of VAT. Thus, a small increase in abdominal adipose tissue relative to overall body weight is associated with significantly elevated CRP concentrations, and this relation is most marked in women.
Conclusions
We have investigated the relation of CT-based measures of abdominal fat compartments and a diverse panel of systemic biomarkers that reflect inflammation and oxidative stress. Both SAT and VAT were similarly associated with elevated concentrations of multiple inflammatory biomarkers. After adjustment for clinical measures of adiposity, only VAT remained associated with multiple markers, whereas SAT only remained associated with fibrinogen. The present crosssectional data suggest a role for both abdominal SAT and VAT in inflammation and oxidative stress. 
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